Magnetic and transport properties of Ge 1-x-y Mn x Eu y Te crystals with chemical compositions 0.041 ≤ x ≤ 0.092 and 0.010 ≤ y ≤ 0.043 are studied. Ferromagnetic order is observed at 150 < T < 160 K. Aggregation of magnetic ions into clusters is found to be the source of almost constant, composition independent Curie temperatures in our samples. Magnetotransport studies show the presence of both negative (at T < 25 K) and linear positive (for 25 < T < 200 K) magnetoresistance effects (with amplitudes not exceeding 2%) in the studied alloy. Negative magnetoresistance detected at T < 25 K is found to be due to a tunneling of spin-polarized electrons between ferromagnetic clusters. A linear positive magnetoresistance is identified to be geometrical effect related with the presence of ferromagnetic clusters inside semiconductor matrix. The product of the polarization constant and the inter-grain exchange constant, JP , varies between about 0.13 meV and 0.99 meV. Strong anomalous Hall effect (AHE) is observed for T ≤ T C with coefficients R S independent of temperature. The scaling analysis of the AHE leads to a conclusion that this effect is due to a skew scattering mechanism.
I. INTRODUCTION
A novel class of spintronic devices based on semimagnetic semiconductors (SMCS's) attracted large interest in the past years.
1 Many SMCS's ternary ferromagnetic compounds belonging to III-V and II-VI groups are nowadays intensively studied, because they combine magnetic properties useful for applications and controllable electronic, transport, and optical properties. Beyond them exists another interesting group of materials belonging to IV-VI SMCS's, such as (Ge,Mn)Te alloy, in which carrier controlled ferromagnetism with the Curie temperature, T C , as high as 200 K for x ≈ 0.08 was also observed.
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High solubility of Mn (0 ≤ x ≤ 1) and high native hole concentrations (n ≈ 10 20 ÷ 10 21 cm −3 ) makes this material excellent for observation and controlling high temperature carrier induced ferromagnetism. 5, 6 The magnetic properties of many different representatives of IV-VI SMCS's show a broad ability to control the type and the temperature of the magnetic transition.
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Due to fundamental difficulties with obtaining room temperature ferromagnetism in SMCS's a new class of hybrid semiconductor -ferromagnetic metal systems is recently intensively developed and studied; see e.g. Refs 11-13. Development of GeTe based ferromagnetic composite materials 14, 15 creates possibilities to improve magnetic properties of the material and introduce new a) Electronic mail: kilan@ifpan.edu.pl and interesting magnetotransport effects resulting from the presence of metallic grains inside the semiconductor matrix.
In this paper, we present a detailed study of magnetic and transport properties of Ge 1-x-y Mn x Eu y Te mixed crystals. The main goal of this work is to study the possibilities of tuning the properties of the GeTe based composite by means of addition of two kinds of paramagnetic ions, i.e., manganese and europium. The magnetic properties of Ge 1-x-y Mn x Eu y Te crystals were studied, reporting ferromagnetism with T C ≈ 120 K (for x = 0.073, y = 0.03) and a noticeable contribution from antiferromagnetic superexchange interaction. That contribution reduced an effective magnetic moment of the material. [20] [21] [22] By addition of a few percents of Mn and Eu ions to the alloy we expect to enhance the strength of the long range magnetic interaction in the studied system and possibly increase its Curie temperature. We would also like to investigate the influence of the paramagnetic ion content on the magnetotransport of the alloy.
II. SAMPLE CHARACTERIZATION
Our Ge 1-x-y Mn x Eu y Te crystals were grown using the modified Bridgman method. The inclined crystallization front technique (applied for the first time by Aust and Chalmers to enhance the quality of aluminum 23 ) was employed for the growth of these crystals. With this technique it is possible to decrease the number of crystal blocks in the grown ingot from a few down to a single one. The synthesis was done with the use of MnTe instead of metallic Mn. That eliminates the possibility of appearance of the metallic Mn precipitates in the asgrown crystals. Preliminary synthesis of EuTe prior to alloy growth is not necessary (due to its sufficiently low melting point equal to 826
• C). Therefore, metallic Eu was used. The crystal synthesis was performed at high temperatures equal to 1200-1250
• C. The applied growth temperature ensured an effective chemical bonding of tellurium (which acts like oxygen in oxidation) with manganese, preventing the appearance of metallic Mn precipitates. The growth material was prepared in a way ensuring that all cation elements are balanced by equal molar amount of tellurium. Each as-grown ingot was cut into slices about 1 mm thick, perpendicular to the growth direction, prior to the further characterization.
The chemical composition of the crystals is determined using the energy dispersive x-ray fluorescence (EDXRF) technique. The EDXRF analysis shows that the chemical composition of our samples changes continuously along the growth direction. Relative chemical content gradient within an individual sample does not change much (maximum relative change does not exceed 5%). Two sets of samples in which only one type of substitutional elements changes (within the EDXRF experimental error) are selected for further studies. The first set of samples has Eu content changing in the range of 0.018 ≤ y ≤ 0.043 (while Mn content is almost constant, i.e., x ≈ 0.076±0.002) and the second one has Mn content varying between 0.041 ≤ x ≤ 0.092 (while Eu content is kept constant i.e. y ≈ 0.015±0.005).
The crystallographic quality of the Ge 1-x-y Mn x Eu y Te crystals is studied using the x-ray diffraction (XRD) technique. All the XRD measurements are done at room temperature using the Siemens D5000 diffractometer. The obtained results show that all the studied samples are single phased and crystallize in the NaCl structure with rhombohedral distortion in the (111) direction. It should be emphasized, that within the experimental accuracy, no other phases are observed. The diffraction patterns are fitted with the use of Rietveld method in order to calculate the crystallographic parameters of our samples. The resulted lattice parameters are similar to their nonmagnetic equivalent, i.e., GeTe with a = 5.98Å and α = 88.3
• . 24 However, since changes in the lattice parameters were very small (maximum relative change of about 1%), it was not possible to determine any obvious chemical trends in their values.
III. MAGNETIC PROPERTIES

A. Low field results
The magnetic properties of Ge 1-x-y Mn x Eu y Te crystals are studied by means of static and dynamic magnetometry using the LakeShore 7229 susceptometer/magnetometer and Quantum Design Magnetic Prop- erty Measurement System (MPMS) XL-7 magnetometer systems.
Mutual inductance method employed into the LakeShore 7229 ac susceptometer/magnetometer system is used in order to determine the temperature dependencies of both real Re(χ) and imaginary Im(χ) parts of the linear part of the ac susceptibility. The imaginary part of the ac susceptibility is close to zero and temperature independent for all our samples. Typical results in the form of the temperature dependence of the ac susceptibility for a few selected samples with different chemical compositions are presented in Fig. 1a . An increase of Re(χ) at temperatures around 140 ÷ 150 K is observed in all our samples. An appearance of a second peak in Re(χ) at temperatures around 80 ÷ 90 K is also observed in most of Ge 1-x-y Mn x Eu y Te crystals. It indicates that two magnetic transitions are observed in our system. However, more detailed measurements need to be performed in order to determine the nature of the observed magnetic phases.
The real part of the linear ac susceptibility is measured also in the temperature range significantly above T = 150 K, i.e., in the paramagnetic region (see Fig. 1b ). The (Re(χ)) −1 (T) dependencies in the case of all the Ge 1-x-y Mn x Eu y Te crystals are nearly linear up to maximum studied temperature, i.e., around 320 K. It is a direct signature of the absence of magnetic clusters showing magnetic order at temperatures higher than 150 K, in particular the MnTe antiferromagnetic clusters with the Neel temperature equal to 720 K.
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Measurements of temperature dependence of Re(χ) at four different frequencies of an alternating magnetic field f = 7, 80, 625, and 9980 Hz are also done. No frequency shifting of the susceptibility peak at T ≈ 140÷150 K is observed in the studied samples. Only the maxima of the Re(χ)(T ) dependence near T ≈ 80÷90 K shift on the temperature scale with an increasing f (see an exemplary result in the inset to Fig. 1a) . The frequency dependent data in the vicinity of maxima at T ≈ 90 K are analyzed using the R M parameter proposed by Mydosh 25 and expressed in the following form:
where T F represents the freezing temperature at a frequency f . The T F (f ) values are determined as the position of the maximum in the Re(χ)(T ) dependence measured at the frequency f . The calculated values of the R M factor change between 0.005 and 0.018 without any signature of being chemical composition dependent. Our R M values are close to those reported in the case of spin-glass systems, e.g. CuMn with R M ≈ 0.005 or AuFe with R M ≈ 0.010. 25 The obtained results indicate that our Ge 1-x-y Mn x Eu y Te samples show paramagnetferromagnet transition at temperatures about 150 K. Moreover, the second magnetic transition detected at T ≈ 80÷90 K can be identified as an reentrant spinglass freezing of magnetic moments. The observed magnetic transitions are related to the clusters present in our samples. Therefore, the magnetic state present at temperatures lower than 85 K will be referred to the reentrant cluster-glass state and the magnetic order observed from 85 K up to 140 K will be referred to clusterferromagnetism.
We also performed measurements of temperature dependence of higher harmonic susceptibilities in all Ge 1-x-y Mn x Eu y Te crystals. The obtained results (see Fig. 2 ) show that in the vicinity of both magnetic transitions, i.e., at T ≈ 80÷90 K and T ≈ 140÷150 K we observe the appearance of peaks in temperature dependencies of both second and third harmonic susceptibility curves. It should be noted, that Re(χ 2 )(T ) curve shows divergent behavior even at temperature of about 85 K, at which a transition to a reentrant cluster-glass state is observed. It is a clear signature, in agreement with previous results, that ferromagnetic interactions are strong in this system. We can also clearly see, that in the vicinity of a cluster-glass transition the peak in Re(χ 3 )(T) curve is higher than the one in Re(χ 2 )(T) dependence. It indicates that the magnetic frustration observed near the peak at T ≈ 80÷90 K attributed to a cluster-glass transition is stronger than the frustration near the peak at 140÷150 K, supporting our earlier interpretation, that we do observe a cluster ferromagnet -reentrant clusterglass transition.
The temperature dependencies of both zero-fieldcooled (ZFC) and field-cooled (FC) magnetization M are measured using a SQUID magnetometer at the temperature range between 4.5 and 300 K using constant magnetic field B = 0.5 mT. M increases with T at T ≈ 140÷150 K for all the studied samples without signatures of splitting between ZFC and FC curves down to T = 100 K (exemplary results presented in Fig. 3 ). Below 100 K a bifurcation between ZFC and FC curves appeared, followed by a maximum in ZFC curve at around T ≈ 80÷90 K. The obtained static magnetization results are in agreement with presented above ac susceptibility studies indicating clearly that we observe two magnetic transitions, e.g., paramagnet -cluster-ferromagnet at 140÷150 K and reentrant cluster-ferromagnet -clusterglass at 80÷90 K in case of all the studied samples.
B. High field results
The magnetic field dependence of the magnetization shows a presence of well defined hysteresis curves at T < 140 K in the case of all our crystals (see Fig. 4 ). The hysteresis loops are observed at temperatures lower than function. However, after addition of a phenomenological component linear with magnetic field to the M (B) relation, reflecting the presence of magnetic clusters in a material, we obtain much better agreement between the experimental points and the fitted curves.
The maximum values of the experimentally observed magnetization M S for our Ge 1-x-y Mn x Eu y Te samples are significantly lower than the values predicted by the Weiss theory by a factor 2 ÷ 4, depending on the alloy composition. It must be emphasized, that we do not know the real saturation magnetization value.
IV. MAGNETOTRANSPORT STUDIES
Basic characterization of the electrical properties of the Ge 1-x-y Mn x Eu y Te crystals consisted of resistivity and Hall effect measurements. The standard six contact DC Hall method is employed for the studies of electron transport. The measurements are done at room temperature with the use of magnetic field up to B = 1.4 T. Our results show, that the studied alloy has got low resistivity, ρ xx ≈ 2×10 −3 Ω·cm, and a p-type conductivity with high carrier concentration, n > 10 20 cm −3 . The observed values of both carrier concentration and resistivity are typical for narrow gap GeTe, in which high carrier densities originate from large quantity of cation vacancies. Fig. 6a . The amplitude of the negative contribution to the MR (see Fig. 6b ) increases with the amount of paramagnetic ions present in the sample from 0.2% (x = 0.043, y = 0.012) up to 1.2% (x = 0.092, y = 0.019). On the contrary, above T = 30 K only a positive and nearly linear MR with similar amplitudes is observed. It should be noted, that on the contrary to anisotropic MR, usually observed in homogeneous systems, all the MR effects observed in our material are isotropic.
In the case of metallic ferromagnetic solids the negative isotropic MR is regarded as magnetic field induced decrease of carrier scattering in ferromagnetic clusters. Negative giant magnetoresistance has been reported in many inhomogeneous systems like Ni-SiO 2 alloys 29 and is usually treated in framework of theory of spin-polarized electrons. The negative MR has been reported in numerous granular systems and is found to possess large values around 60% (Ref. 31 ) as well as small values around 1% (Ref. 32) . The resistivity ρ xx (B,T ) of a metal with ferromagnetic clusters can be expressed within the molecular field theory 32 using the approximate spin correlation function m in the following form:
The relative magnetoresistance ∆ρ xx /ρ 0 can be expressed with the use of the following equation:
where P is the polarization of the tunneling electrons, k B is the Boltzmann constant, and J is the electronic exchange coupling constant within the ferromagnetic grains. The above model reproduces the normalized magnetoresistance with only the intra-granular exchange constant J and the carrier polarization P as the fitting parameters, with the magnetization of the sample measured at the same temperature as the magnetoresistance. Both J and P constants in equation 3 are not known for magnetically doped GeTe and cannot be separated. Therefore the fitting procedure gives the JP product for each studied sample. The results presented in Fig. 6c show a good agreement between the experimental and fitted curves. The JP product extracted from fits changes between 0.14 and 0.99 meV. We find no correlation between the chemical composition of the samples and the values of JP . However, we do observe that JP is proportional to the remanent magnetization M R of the samples. It is an important justification of the model, since the magnetization of the sample is strongly influencing the carrier polarization. The value of the carrier polarization constant is rather small not exceeding 1% in granular metals such as Ni 16 but can be much higher in MnAs with P ≈ 45%. 17 Assuming P ≈ 1% we obtain J values higher than 100 meV which is two orders of magnitude higher than the observed k B T values (around 2 meV), at which the negative magnetoresistance disappears. It is then evident that the value of P in our samples is at least as high as 15%. Rather large changes of the JP product for our samples might originate from the competing contributions of the p and d electrons to the magnetoresistance.
The presence of a positive linear magnetoresistance is commonly attributed to the presence of inhomogeneities in a host material, having conductivity different than the host material. The linear, cluster-mediated magnetoresistance can have either large values of the order of 1000% in MnAs-GaAs 13 or values smaller than 1% in case of thin Ni layers. 29 The linear magnetoresistance has been also observed for IV-VI semimagnetic semiconductors. 30 An effective medium approximation (EMA) model describes quantitatively classical geometrical magnetoresistance of inhomogeneous media. 33, 34 The model assumes a fixed balance between phases A and B, called p A and p B = 1−p A , respectively, and defined zero field conductivities σ 0A and σ 0B . The effective conductivity of the material, σ ef f , can be calculated using the coupled self consistent equations, which can be expressed in a matrix form. The magnetic field dependence of resistivity can be calculated by solving the self consistent equation
where Γ is the depolarization tensor describing the geometrical properties of clusters and I is the unity matrix. The EMA model 33,34 is used to reproduce the experimental MR curves with given carrier mobility of the host matrix σ A (taken from low temperature Hall measurements) and the ratio between the carrier Hall constants R HA and R HB in the two phases A and B given by the parameter k equal to k = R HA /R HB being the fitting parameter. The MR curves calculated using EMA model are presented together with experimental data obtained at T = 4.5 K for the selected Ge 1-x-y Mn x Eu y Te samples having different chemical composition in Fig. 6d . We obtain good agreement between the theoretical and experimental curves in case of all the samples under investigation. The best fits to the experimental data are obtained for k values around k ≈ -1.1÷ -1.0 indicating that the clusters present in the semiconductor matrix have the opposite (n-type) conductivity type.
B. Anomalous Hall effect
The magnetic field dependence of the Hall effect is measured for all the investigated Ge 1-x-y Mn x Eu y Te samples in parallel with magnetoresistance measurements. The obtained isothermal Hall resistivity vs. magnetic field curves, ρ xy (B), at temperatures lower than 130 K shows a significant anomalous contribution to the Hall effect (see Fig. 7 ). Our results indicate the occurrence of well defined hysteresis loops in ρ xy (B) dependence (see Fig. 7 ), with the coercive field B C similar (within the limits of measurement accuracy) to that observed during magnetometric measurements. This result seems to be understandable because the anomalous Hall effect(AHE) depends on the magnetization of the material.
Because of the strong AHE observed in the investigated material, the analysis of the data requires taking into account the effect of paramagnetic impurity scattering on the ρ xy (B) dependence. The data can be analyzed by separating the Hall effect into a normal R H and anomalous R S Hall constants, respectively, with the use of the following equation:
where µ 0 is the magnetic permeability of vacuum. The second term in Eq. 5 describes the anomalous Hall effect which arises due to spin dependent scattering mechanisms. The anomalous Hall constant R S is determined from the experimental off-diagonal resistivity and magnetization data by the least square fit to Eq. 5. The results of our calculations are presented in Fig. 8 . It may be seen that R S is almost temperature independent within the accuracy of its estimation in all our samples. It must be noted, that the observed changes in R S (T ) dependence, observed in some of the samples at temperatures higher than 100 K may be due to the difficulties in the data analysis at high temperatures, where AHE becomes small and it is more difficult to extract it from an ordinary Hall effect. It may be noted that with alloying the R S coefficient in the studied Ge 1-x-y Mn x Eu y Te crystals changed by an order of magnitude. The values of R S obtained in this work are similar to those reported for other IV-VI based diluted magnetic semiconductors. 20, 37, 38 The values of R S similar to those in earlier works suggest, that AHE in the studied material does not seem to be correlated with the presence of magnetic clusters in Ge 1-x-y Mn x Eu y Te samples. However, one can distinguish within the data a general trend towards a decrease of R S with an increasing amount of Mn and Eu. It seems that the value of R S in the studied samples is much more complex function of parameters other than chemical composition. The carrier concentration, n, and the coercive field, B C , play the important role in carrier scattering in ferromagnetic materials. The presence of AHE is widely observed in many systems covering both homogeneous systems like Ga A more detailed analysis of the magnetotransport data can be done in order to determine the major scattering processes leading to the appearance of AHE in a material. There are two major scattering mechanisms involved in AHE in metallic ferromagnets, i.e., the skew scattering 35 and side jump 36 effects. The scaling analysis of the experimental data is performed with the use of an exponential scaling relation modifying equation 5 into the following relation:
where c H is the scaling constant and δ is the scaling exponent. It is well known, that AHE resulting purely from either skew scattering or side jump processes should give a scaling factor δ H equal to 1 or 2, respectively. The performed least square fits of equation 6 to the magnetotransport and magnetization data allow us to estimate the temperature dependencies of δ for all the studied crystals. The results show that all the values of δ fall in the range from 1.1 and 1.3±0.1. This implies that the skew scattering mechanism is the most important scattering mechanism responsible for the observed AHE in this system. However, since δ is not equal to 1, it is highly probable that effects arising from side jump mechanism play also a role in the AHE in Ge 1-x-y Mn x Eu y Te crystals.
V. SUMMARY
To conclude, we report the experimental studies of magnetic and magnetotransport studies of Ge 1-x-y Mn x Eu y Te crystals. Magnetic order is observed at T < 150 K for all the studied samples and can be interpreted as a cluster ferromagnetism at 90 < T < 150 K and the cluster-glass ordering at T < 90 K. The magnetic properties of the alloy show that the transition temperatures do not depend on the amount of paramagnetic ions in the alloy.
Ferromagnetic clusters have a substantial impact on magnetotransport properties of the alloy. The presence of negative magnetoresistance at T ≤ 25 K caused by quantum tunneling of carriers is observed in all the studied crystals. Moreover, at temperatures 25 < T < 200 K a positive magnetoresistance linear with B is observed, a geometrical effect characteristic for inhomogeneous systems. Both effects are reproduced in a satisfactory manner by means of appropriate theoretical models of magnetoresistance in inhomogeneous materials. Thanks to europium alloying in Ge 1-x Mn x Te it is possible to observe gathering of paramagnetic ions into ferromagnetic clusters, and observe new, interesting magnetotransport effects in this material.
A strong, temperature independent AHE is observed in all the studied crystals at temperatures lower than the Curie point. Large changes of the R S factor between the samples are attributed rather to a difference in a domain structure and carrier concentration in these crystals than to a difference in the amount of paramagnetic ions. The scaling analysis of the experimental data shows, that AHE in the studied alloy is mainly due to the skew scattering processes.
